The composition and metabolic activities of the human colonic microbiota are modulated by a number of external factors, including diet and antibiotic therapy. Changes in the structure and metabolism of the gut microbiota may have long-term consequences for host health. The large intestine harbors a complex microbial ecosystem comprising several hundreds of different bacterial species, which complicates investigations on intestinal physiology and ecology. To facilitate such studies, a highly simplified microbiota consisting of 14 anaerobic and facultatively anaerobic organisms (Bacteroides thetaiotaomicron, Bacteroides vulgatus, Bifidobacterium longum, Bifidobacterium infantis, Bifidobacterium pseudolongum, Bifidobacterium adolescentis, Clostridium butyricum, C. perfringens, C. bifermentans, C. innocuum, Escherichia coli, Enterococcus faecalis, Enterococcus faecium, Lactobacillus acidophilus) was used in this investigation. Ampicillin [9.2 g (ml culture) ؊1 ] was added to two chemostats operated at different dilution rates (D; 0.10 h ؊1 and 0.21 h ؊1 ), and metronidazole [76.9 g (ml culture) ؊1 ] was added to a third vessel (D ‫؍‬ 0.21 h ؊1 ). Perturbations in bacterial physiology and metabolism were sampled over a 48-h period. Lactobacillus acidophilus and C. bifermentans populations did not establish in the fermentors under the imposed growth conditions. Ampicillin resulted in substantial reductions in bacteroides and C. perfringens populations at both dilution rates. Metronidazole strongly affected bacteroides communities but had no effect on bifidobacterial communities. The bacteriostatic effect of ampicillin on bifidobacterial species was growth rate dependent. Several metabolic activities were affected by antibiotic addition, including fermentation product formation and enzyme synthesis. The growth of antibiotic-resistant bifidobacteria in the large bowel may enable them to occupy ecological niches left vacant after antibiotic administration, preventing colonization by pathogenic species.
T
he human colon is colonized by a complex and stable microbiota that plays a major role in health and well-being. The overall density of the colonic microbiota is approximately 10 12 microorganisms per gram (wet weight) of intestinal contents (1), comprising several hundred different bacterial species (2, 3) . It is the largest and most heterogeneous microbial ecosystem associated with the human body, and it is of great importance to the host with respect to many physiological and immunological functions (4) (5) (6) . The close association that exists between the colonic microbiota and its host is now well recognized, as are the effects of a dysbiotic microbiota and its metabolic products in host physiology (4, 7) and disease processes (6, (8) (9) (10) (11) (12) . It is therefore important to understand the mechanisms that govern the ecology and physiology of bacteria growing in the colonic ecosystem, especially concerning bacterial interactions and substrate availability, since they can be manipulated to a large extent through diet.
The structural complexity of the colonic microbiota often interferes with investigations on gut microbial ecology. To facilitate such studies, a chemostat model consisting of a simplified 14-species community in which anaerobic and facultatively anaerobic representatives of common saccharolytic and amino acid-fermenting populations in the large intestine are present has been developed (13) . The defined bacterial population model allows the metabolic activities of individual species and groups of bacteria to be investigated in vitro. An important advantage of using continuous cultures is that these open systems allow long-term detailed microbiologic studies that are not possible with batch culture systems to be made.
A multiplicity of factors can induce fundamental changes in the species composition and metabolism of microbial communities. Of particular interest are the effects of antimicrobial agents and the mechanisms whereby antibiotic-associated breakdown of the normal colonic microbiota can affect host health (14) . The use of broad-spectrum antibiotics may vacate previously occupied ecological niches in the gut, enabling overtly pathogenic or toxigenic organisms to establish and proliferate (10) , leading to gastrointestinal infections. The aim of this study was to construct a simplified in vitro colonic microbiota and to test the effects of two broad-spectrum antibiotics, ampicillin and metronidazole, on the metabolism and physiology of specific bacterial populations.
rium longum DCNC 1024, Bifidobacterium adolescentis DCNC 1026, Bacteroides vulgatus DCNC 1035, Bacteroides thetaiotaomicron DCNC 1029, and Lactobacillus acidophilus DCNC 1237. The organisms were maintained as laboratory stock cultures at the University of Dundee. The bacteria were identified on the basis of morphological and biochemical criteria, together with determinations of their cellular fatty acid profiles (15) (16) (17) . Continuous culture system. Bacteria were grown in three single-stage glass fermentation vessels (280-ml working volume). Temperature (37°C) and pH (6.2) were controlled as described previously (18) . The vessels were stirred magnetically and kept anaerobic by maintaining an atmosphere of oxygen-free nitrogen (flow rate, 2.3 liters h Ϫ1 ). Each vessel contained sterile growth medium (200 ml) of the following composition (g liter Ϫ1 ) in distilled water: starch, 4.0; porcine gastric mucin (type III; Sigma), 4.0; xylan (oat spelt), 1.0; pectin (citrus), 2.0; guar gum, 1.0; arabinogalactan (larch wood), 1.0; inulin (Raftiline LS), 1.0; galacto-oligosaccharides (Oligomate 55), 1 12 , 0.005. The medium also contained 1.0 ml liter Ϫ1 of the trace element solution described by Balch et al. (19) . System retention time in the fermentors was determined as the reciprocal of the dilution rate (D; specific growth rate). Cell doubling times (T d ) were calculated as 0.693/D. The three chemostats used in this study were simultaneously inoculated with exponentially growing cultures of the 14 bacterial species. The vessels were left to equilibrate overnight, before culture medium was introduced. To ensure that steady-state conditions had been established, the chemostats were left for at least nine culture turnovers. At steady state, samples were taken for culture dry weight and enzyme measurements, together with chemical and bacteriologic analyses. Formation of shortchain fatty acids (SCFAs) was used to assess steady-state conditions. Antibiotic addition. Bacteriology. Samples from individual fermentation vessels were serially diluted in half-strength peptone water in an anaerobic cabinet (atmosphere, 10% H 2 , 10% CO 2 , 80% N 2 ). Viable bacterial populations in the chemostats were quantitated as follows: bacteroides, Wilkins-Chalgren agar plus Gram-negative bacterial antibiotic supplements; facultative anaerobes, MacConkey agar; and Lactobacillus acidophilus, Rogosa agar. Bifidobacterial communities were enumerated using the selective medium described by Beerens (20) . Duplicate plates were inoculated with 0.1-ml samples from each dilution tube and incubated at 37°C for 5 days (anaerobes) or 3 days (facultative anaerobes).
Culture dry weights. Aliquots of chemostat culture medium (1.0 ml) were centrifuged at 13,000 ϫ g for 10 min. The supernatant was discarded, a further 1.0 ml was added, and the mixture was centrifuged. The process was repeated until bacteria from a total of 5 ml of culture had been collected. The bacterial pellet was then washed with distilled water before being dried to constant weight at 130°C.
Enzyme assays. Enzyme assays were done at steady state and 24 h after antibiotic addition. Ten-milliliter volumes of bacteria from the chemostats were harvested by centrifugation (18,000 ϫ g, 30 min, 4°C). The bacterial pellets were washed twice with anaerobic potassium phosphate buffer (50 mmol liter Ϫ1 , pH 7.0) and resuspended in the same solution. A crude cell extract was produced by three passages through a French pressure cell (1.1 ϫ 10 5 kPa). A range of p-nitrophenol substrates was employed in glycosidase assays, using methods described previously (21, 22) . Azocasein was used as the substrate for general protease measurements, as described by Macfarlane et al. (23) . Neuraminidase activity was measured as follows: 50 l test material was added to 100 l substrate (1 mg ml Ϫ1 N-acetylneuraminlactose in 100 mmol liter Ϫ1 acetate buffer, pH 5.5). Samples were incubated for 2 h at 37°C, and the reaction was stopped by heating at 100°C for 2 min. Released neuraminic acid was determined colorimetrically using the thiobarbituric acid assay method of Warren (24) . FAME profiles. Fatty acid methyl esters (FAMEs) were extracted from bacterial cell mass (approximately 40 mg [wet weight]) from 20 ml of an overnight pure culture grown in peptone yeast extract glucose broth, as described by Holdeman et al. (25) , or from samples obtained from the chemostats. The samples were saponified, methylated, and extracted according to the method of Miller and Berger (26) . FAMEs were separated using a model 5898A microbial identification system (MIS; MIDI Inc., Newark, DE). The workstation comprised a Hewlett-Packard model 6890 gas chromatograph equipped with a Hewlett-Packard model 7637A automatic sampler, a 5% phenylmethyl silicone capillary column (0.2 mm by 25 m), a flame ionization detector, and a Hewlett-Packard Vectra XM computer. The carrier gas was ultra-high-purity H 2 . The column head pressure was set at 60 kPa. Sample injection volume was 2 l, with a column split ratio of 100:1. Septum purge was 5 ml min Ϫ1 , and column and port temperatures were 170 to 270°C and 300°C, respectively. FAME peaks were integrated, and fatty acid identities and percentages were automatically calculated. Numerical analysis was done using the standard MIS library generation software (MIDI).
Other chemical measurements. Samples were centrifuged at 19,000 ϫ g for 20 min, to remove bacteria. Ethanol was measured spectrophotometrically using a commercially available kit (Sigma). SCFAs and other organic acids were determined by gas chromatography as described by Macfarlane et al. (1, 22) .
Chemicals. Galacto-oligosaccharides (Oligomate 55) and inulin (Raftiline LS) were obtained from Yakult Pharmaceuticals (Tokyo, Japan), and Beneo-Orafti (Tienen, Belgium), respectively. Bacteriological culture media were supplied by Oxoid (Basingstoke, England). Unless otherwise stated, all chemicals were purchased from Sigma (Poole, England).
Statistical analysis. Data analysis was done using GraphPad Prism, version 4.0, software (GraphPad Software, Inc., San Diego, CA). One-way analysis of variance and Bonferroni's multiple comparisons were used for comparison of time intervals. A paired Student t test was applied in order to assess the significance of results of single pairs of data. Probability (P) values of Ͻ0.05 were taken as statistically significant.
RESULTS
Effects of antibiotics on culture dry weights and bacterial cell counts. The dilution rates of the three chemostat systems were set as follows: 0.10 h Ϫ1 and 0.21 h Ϫ1 for the ampicillin experiments and 0.21 h Ϫ1 for the metronidazole studies. Retention times were 10.0, 4.8, and 4.8 h, respectively, with the corresponding cell doubling times being 6.9, 3.3, and 3.3 h. Baseline studies showed that culture dry weights were approximately 25% lower at a D of 0.10 h Ϫ1 than in the other fermentors run at a D of 0.21 h Ϫ1 (Table 1 ). Despite the low levels of ampicillin, culture dry weights at both dilution rates decreased after antibiotic was introduced into the fermentation vessels. A similar pattern was observed in both chemostats, with initial reductions in dry weight of 15% (D ϭ 0.10 h Ϫ1 ) and 13% (D ϭ 0.21 h Ϫ1 ) after 6 h. Culture dry weights were the lowest 24 h after antibiotic administration, but after 48 h, dry weights had returned to near their original steady-state levels. A more rapid and extreme result was observed with metronidazole, where a 25% reduction in culture dry weight occurred after 6 h.
A range of effects on bacterial cell counts was observed, depending not only on the antibiotic being used but also on the dilution rate and carbon availability. Only three of the four bifidobacteria added to the system at a D of 0.10 h Ϫ1 were able to establish at high cell population densities (Bif. adolescentis, Bif. longum, Bif. infantis). Bifidobacterium pseudolongum colonized in both fermentors operated at the lower dilution rate ( Fig. 1) . At a D of 0.10 h Ϫ1 , no major reduction in Bif. adolescentis and Bif. longum counts was seen after ampicillin addition. At 12 h after addition, counts of Bif. infantis had decreased 10-fold. However, at 48 h, all bifidobacteria had increased in numbers to levels above the level observed at steady state. Bifidobacterium longum behaved in a similar manner at a D of 0.21 h Ϫ1 . No significant effect was observed with Bif. infantis at this dilution rate, whereas Bif. adolescentis counts decreased by a factor of 10, before recovering to pretreatment levels. Bifidobacterium pseudolongum counts declined steadily after antibiotic addition. In contrast to the effect of ampicillin on bifidobacterial populations, metronidazole had no marked effects on cell viabilities. The two bacteroides species were sensitive to ampicillin at both dilution rates, as well as to metronidazole (Fig. 2) . A reduction of between 10-and 100-fold in their cell numbers occurred, with the largest reduction being seen with B. vulgatus and metronidazole. With the exception of B. thetaiotaomicron, in both ampicillin chemostats, cell densities had recovered to their original levels after 48 h. Clostridium bifermentans was unable to establish to detectable levels in any of the chemostats. With one exception, cell population densities of all clostridia recovered to steady-state levels 48 h after antibiotic addition (Fig. 3) . Clostridium butyricum counts (ampicillin fermentor, D ϭ 0.10 h Ϫ1 ) were approximately 10 times higher at 48 h compared to the steady-state levels but 10-fold lower at 48 h after addition of metronidazole. While ampicillin did not induce any major reductions in C. butyricum counts at either dilution rate, a rapid and extensive decline in the numbers of this organism was seen 6 h after metronidazole addition. Ampicillin caused counts of C. perfringens to drop 10-fold at both dilution rates, with numbers rebounding to greater than their initial levels at 48 h, but the organism was relatively unaffected by metronidazole. Clostridium innocuum numbers decreased by 1 log unit 6 h after metronidazole addition. This organism was also suppressed by ampicillin at the lower dilution rate after 12 h but was relatively unaffected by the antibiotic at a D of 0.21 Ϫ1 . Lactobacillus acidophilus failed to establish in any of the three fermentors. Of the facultative anaerobes, Ent. faecalis was unaffected by ampicillin at a D of 0.10 h Ϫ1 , while Ent. faecium was strongly inhibited at 10 h, and at 48 h its levels remained lower than the initial levels (Fig. 4) . Metronidazole resulted in a small increase in levels of enterococci at 12 h, but no major differences were observed. Contrasting effects were seen with E. coli and ampicillin, in that at 12 h a small decrease in E. coli numbers was observed at a D of 0.21 h Ϫ1 , while at the lower dilution rate, a 1-log-unit reduction in cell numbers was observed. At 48 h, the numbers of E. coli were greater than the starting values in both ampicillin chemostats. The numbers of E. coli were reduced by 0.8 log unit 12 h after metronidazole addition and remained lower than initial levels. Overall, 11 of the 14 inoculated organisms established at a D of 0.10 h Ϫ1 and 12 of the 14 inoculated organisms established at a D of 0.21 h Ϫ1 . Most bacteria exhibited a slight decrease in cell population densities at 6 or 12 h after antibiotic administration and by 48 h had recovered to their starting levels. In general, facultative anaerobes were affected less by both antibiotics than obligate anaerobes, with the bacteroides being the most sensitive. FAME analyses. Whole-community cellular fatty acid profiles are shown in Tables 2 to 4 . From past analysis, it is known that the major FAMES are derived from C 15 fatty acids due to the bacteroides species. C 18:1 cis 9 DMA (where DMA is dimethyl acetal) is a marker with high specificities for Bifidobacterium longum and Bif. adolescentis. There are no specific markers for the clostridia or for the facultative anaerobes used in the study. The pattern for the C 18:1 cis 9 DMA marker mirrored exactly the pattern of viable counts before and after ampicillin addition at a D of 0.1 h Ϫ1 , with Bif. adolescentis and Bif. longum being relatively unaffected by the antibiotic. C 15 fatty acid markers did not correlate with viable counts of the bacteroides. At a D of 0.21 h Ϫ1 , C 15 markers indicated a reduction in bacteroides, which was confirmed by the viable counts, although cell population densities of these bacteria appeared to decrease more rapidly than was suggested by the FAME data ( Fig. 2; Table 3 ). Initial reductions in C 18:1 cis 9 DMA corresponded to a reduction in Bif. adolescentis cell counts with time. Levels of this marker increased up to 24 h as Bif. adolescentis numbers increased. After metronidazole administration, levels of bifidobacteria remain relatively unchanged, and this was reflected in the C 18:1 cis 9 DMA marker ( Table 4) .
Effects of antibiotics on fermentation product formation. In all three chemostats, acetate was the principal fermentation product formed ( ). Decreases in the accumulation of lactate, succinate, and ethanol were also observed at both dilution rates at 6 h after ampicillin addition, with levels of succinate and ethanol reaching levels greater than baseline levels after 48 h.
Metronidazole had a less marked effect on fermentation product accumulation. Levels of total SCFAs were the lowest at 12 h and had declined by 22% from those at zero time. Acetate, propionate, and butyrate production decreased up to 12 h. Acetate and butyrate formation did not fully recover by 48 h, but propionate production had risen to above the starting level. Acetate forma- tion appeared to have recovered by 24 h, but production declined again at 48 h. Molar ratios demonstrate the increased importance of acetate as a fermentation metabolite after metronidazole administration. The zero time molar ratio of acetate, propionate, and butyrate was 65:24:12, whereas it was 80:13:7 at 12 h. By 48 h, the molar ratio was 53:45:12. All other fermentation products, with the exception of ethanol, decreased for 12 h before levels recovered. Lactate formation was 97% higher at 48 h than at zero time. Ethanol production increased at 6 h and then fell steadily over the 48-h period, without recovering.
Effects of antibiotics on enzyme profiles. In all cases, specific enzyme activities were higher in cell-associated fractions than in culture supernatants (Table 6 ). In each fermentor, ␤-galactosidase and N-acetyl-␤-glucosaminidase activities were maximal. The effects of ampicillin on specific enzyme activities varied with bacterial growth rates. At both dilution rates, there was a large increase in ␣-galactosidase activity at 24 h after administration (72% at D ϭ 0.10 h Ϫ1 and 41% at D ϭ 0.21 h Ϫ1 for cell-associated fractions), whereas at the lower dilution rate, activities of ␤-galactosidase, neuraminidase, and N-acetyl-␤-glucosaminidase all increased after ampicillin addition (by as much as 23% in the case of cell-associated neuraminidase). The activities of all these enzymes declined at a D of 0.21 h Ϫ1 following the introduction of ampicillin. Extracellular glycosidase activities generally increased after ampicillin addition.
Neuraminidase and general protease activities increased in both cell-associated and extracellular fractions after ampicillin administration at a D of 0.10 h Ϫ1 , but the reverse occurred at a D of 0.21 h Ϫ1 . Metronidazole also exerted a strong effect on specific enzyme activities: extracellular and cell-associated ␣-galactosidase, ␤-galactosidase, and ␣-glucosidase all increased, particularly cell-associated ␤-galactosidase. Reductions of between 40 and 50% in N-acetyl-␤-glucosaminidase and general protease activities were observed at 24 h after addition. Neuraminidase activity increased in both the cell-associated and extracellular fractions.
DISCUSSION
The continuous cultures of intestinal bacteria used in these experiments were not intended to simulate the human colon but were employed to investigate ecological and physiological interactions between specific groups of bacteria under strict environmentally controlled conditions before and after the administration of broad-spectrum antibiotics. The 14 bacterial species chosen represent different microbial communities occupying diverse nutritional niches within the intestinal microbiota. These defined bacterial communities included two groups of saccharolytic anaerobes: bacteria belonging to the genera Bifidobacterium and Bacteroides, which play important roles in the catabolism of complex polymers in the large bowel (27) . Bifidobacteria and bacteroides are numerically significant in the colon, typically occurring in excess of 10 11 per gram of intestinal contents (28) . Bacteroides species are probably the most nutritionally diverse organisms in the large bowel (29) , while evidence suggests that bifidobacteria play a significant role in host physiology (30, 31) .
Antibiotic therapy can result in potentially harmful perturbations of the colonic microbiota. The removal of some species, such as bifidobacteria and bacteroides, can result in overgrowth of en- dogenous pathogens or colonization of the bowel by exogenous pathogens that exploit the availability of newly exposed ecological niches. The protective effects of the normal microbiota have been termed "colonization resistance" (32, 33) . The majority of studies investigating this phenomenon have involved clinical administration of antibiotics, since this most frequently leads to bacterial overgrowth and diarrhea (34) (35) (36) (37) (38) . Other investigations have involved animal models of enteric infection (10, 39, 40) or in vitro models to assess the impact of antibiotics on C. difficile infection (41) . Due to the complex nature of the colonic microbiota, it can be difficult to elucidate cause-and-effect patterns when studying the effects of antibiotic usage on the physiology and metabolism of individual bacterial species. The use of defined bacterial communities in place of fecal studies, for example, makes such investigations more sensitive to subtle alterations in bacterial metabolism and physiology. Ampicillin, a semisynthetic beta-lactam penicillin, has a mode of action similar to that of penicillin V, but with a broader spectrum of activity, especially against Gram-negative bacteria, and is used in the therapy of both obligate and facultatively anaerobic bacterial infections (42) . Ampicillin has been detected in the feces of patients undergoing oral therapy with the antibiotic (43) , and these data were used to determine the concentration of ampicillin added to the fermentations in this investigation. Since the majority of the administered antibiotic would have been absorbed through the intestinal epithelium, the level of antibiotic in feces (and, hence, in the chemostats) would have been low compared to the concentrations in, for example, the right colon.
The second antibiotic, metronidazole is a 5-nitroimidazole derivative, and in order to produce an antimicrobial effect, the drug has to be transported into the cell, where it is chemically reduced into its active components (free radical anion, superoxide, nitroso free radical, hydroxylamine derivative) The exact mechanism of cytotoxicity is not fully understood, but the most widely held explanation is that the reactive metabolite(s) reacts with the target species' DNA (44) (45) (46) (47) . Due to the necessity of metronidazole reduction for it to produce an antimicrobial effect, the majority of susceptible organisms are strictly anaerobic (3, 48) . The cytotoxic effect of metronidazole on bacteroides is well established (49, 50) . Results from in vivo studies where the antibiotic has been used in healthy volunteers have been mixed. For example, Arabi et al. (51) found no difference in the fecal microbiota of healthy individuals, whereas Krook (52) detected significant increases in fecal streptococci and E. coli. In a study by Midtvedt et al. (43), metronidazole could not be detected in feces after oral dosing. This is unsurprising, considering the mode of action of the drug, which involves it being partially metabolized by the bacterial targets. Hence, large reductions in the levels of the native-structure antibiotic can be seen in vivo (53) . Due to this, an arbitrary but low level of antibiotic was used in the present study.
In this investigation, bacteroides and bifidobacteria were maintained in the chemostats at high cell population densities, although Bif. pseudolongum could compete only at a high dilution rate (D ϭ 0.21 h Ϫ1 ), indicating that there was insufficient carbon and energy availability for the bacteria at a D of 0.10 h Ϫ1 , as we showed previously with Bif. breve (54) and Bif. longum (55) . Two organisms (C. bifermentans, L. acidophilus) failed to colonize at either dilution rate, which was observed in a previous study (13) . They were, however, used in the present investigation to determine whether antibiotic treatment would relieve competitive pressures and allow them to establish in the fermentors. The three remaining clostridia all established in the fermentation vessels in high numbers, as did the facultatively anaerobic species. Bacterial populations were monitored using FAME markers, in addition to viable cell counts. FAME markers generally reflected the patterns of cell growth seen using conventional bacterial plating techniques. The bacteroides were most affected by antibiotic addition, particularly in the case of metronidazole, which caused a 1,000-fold reduction in cell counts after only 12 h (D ϭ 0.10 h Ϫ1 ). The C 15 FAME, produced mainly by the bacteroides, also manifested a marked decline after metronidazole administration. Both C. butyricum and C. innocuum were highly sensitive to the drug, although viable counts of the pathogen C. perfringens were not affected.
Bifidobacteria were largely unaffected by metronidazole, and this was reflected in the C 18:1 cis 9 DMA marker for Bif. longum and Bif. adolescentis (Fig. 1C and Table 4 ). The relative susceptibility of bifidobacteria to ampicillin has been reported previously (56, 57) . The influence of this antibiotic on individual bacterial populations was markedly affected by the dilution rate and, thus, carbon availability and the length of time that the antibiotic was in the system before it washed out. For example, Bif. infantis was strongly affected by ampicillin addition at a D of 0.10 h Ϫ1 (carbon-limited chemostat) at 12 h but showed little sensitivity to the antibiotic at a D of 0.21 h Ϫ1 . Bifidobacterium adolescentis and Bif. longum were relatively unaffected at either dilution rate, reaching levels near or higher than those observed at steady state by 48 h (Fig. 1A and B) . Metronidazole also resulted in marked reductions in viable E. coli. Metronidazole and ampicillin both caused significant reductions in culture dry weights through bacterial cell death, but the recovery to near steady-state levels by 48 h mirrored recovering drug-sensitive bacterial populations, possibly as antibiotics washed out of the fermentors.
Microbiota metabolism was markedly affected by ampicillin dosing at both dilution rates, but less so by metronidazole (Table  5) . Total SCFAs decreased by 38% in 24 h at a D of 0.10 h Ϫ1 in the ampicillin chemostat and by 56% at a D of 0.21 h Ϫ1 , reflecting the greater susceptibility of faster-growing bacteria to the antibiotic. In the metronidazole fermentor, total SCFA production was the lowest 12 h after administration, indicating a faster response to that antibiotic by the community. By 48 h, total SCFA levels had recovered in the metronidazole fermentor, while production was still returning to steady-state levels in both of the ampicillin chemostats. Acetate, propionate, and butyrate production in all fermentors was reduced after antibiotic addition, but again, the greatest effects were seen in the fermentor with a D of 0.21 h
Ϫ1
ampicillin. Other studies have demonstrated antibiotic-induced reductions in SCFA production in feces of patients treated with ampicillin (43, 58) . The effects of metronidazole on fermentation were less marked, with SCFA formation decreasing after administration, but to a lesser extent than with ampicillin. Decreased acetate production in the chemostats can be correlated to declining populations of antibiotic-sensitive organisms, with reduced butyrate attributed to significant reductions in clostridial numbers, in particular, to C. perfringens in the ampicillin fermentors and C. butyricum in the metronidazole chemostat. Reduced propionate and succinate formation was due to lower numbers of bacteroides in the ampicillin and metronidazole fermentors. Reductions in lactate and ethanol formation in the metronidazole system can . Asterisks indicate significant differences from zero time (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001). T, trace [Ͻ0.1 mol p-nitrophenol released h Ϫ1 (mg protein) Ϫ1 ]. b 9.2 g (ml culture) Ϫ1 . c 76.9 g (ml culture) Ϫ1 .
possibly be correlated to reductions in bacteroides and clostridia but not directly to bifidobacteria since these organisms were largely resistant to metronidazole.
The effects of antibiotics on production of hydrolytic enzymes varied (Table 6 ). ␣-Glucosidase synthesis was largely unaffected by either antibiotic, despite viable counts of the bacterial species producing this enzyme, including Bacteroides spp. and C. perfringens, decreasing significantly. Production of all other hydrolytic enzymes, with the exception of ␣-fucosidase and N-acetyl-␤-glucosaminidase, increased in the metronidazole chemostat, potentially through increased uptake of inducer carbohydrates by antibiotic-resistant microorganisms. The effect of ampicillin on enzyme synthesis was dependent on the dilution rate. While the activities of the mucin-degrading enzymes neuraminidase and N-acetyl-␤-glucosaminidase declined at a D of 0.21 h Ϫ1 , due to reduced numbers of B. thetaiotaomicron and Bif. pseudolongum, synthesis increased after antibiotic addition at a D of 0.10 h Ϫ1 , probably through increased metabolism by Ent. faecalis and Bif. longum utilizing carbohydrate that would previously have been metabolized by antibiotic-sensitive species. ␣-Galactosidase activities increased in both ampicillin chemostats, due to increased metabolism by the relatively ampicillin-resistant organisms Bif. infantis, Bif. longum, and Bif. adolescentis. General protease activities declined after antibiotic addition in the ampicillin (D ϭ 0.21 h Ϫ1 ) and metronidazole chemostats. This was most evident with metronidazole, where marked reductions in viable counts of the proteolytic species B. vulgatus and in C. perfringens were observed.
This study demonstrates the disruptive effects of ampicillin and metronidazole on simple communities of intestinal bacteria, in respect to both cell population densities and bacterial metabolism. Through the use of this model, it is possible to identify causeand-effect relationships associated with antibiotic usage in mixed microbial communities, in relation to a range of environmental determinants, such as nutrient availability and gut transit time. The resistance of bifidobacterial species to metronidazole is of particular interest, possibly providing a basis for prophylactic treatment of antibiotic-induced diarrhea in humans. Selective stimulation of these organisms using short-chain carbohydrates, such as fructo-oligosaccharides (59), could possibly help to prevent the overgrowth of endogenous or externally originating pathogenic bacteria, though not C. difficile (60) , during some forms of antibiotic therapy and thus may have potential health benefits.
